Laser-wakefield acceleration is a promising technique for the next generation of ultra-compact, high-energy particle accelerators. However, for a meaningful use of laser-driven particle beams it is necessary that they present a high degree of pointing stability in order to be injected into transport lines and further acceleration stages. Here we show a comprehensive experimental study of the main factors limiting the pointing stability of laser-wakefield accelerated electron beams. It is shown that gas-cells provide a much more stable electron generation axis, if compared to gas-jet targets, virtually regardless of the gas density used. A sub-mrad shotto-shot fluctuation in pointing is measured and a consistent non-zero offset of the electron axis in respect to the laser propagation axis is found to be solely related to a residual angular dispersion introduced by the laser compression system and can be used as a precise diagnostic tool for compression oprtimisation in chirped pulse amplified lasers.
I. INTRODUCTION
Laser Wakefield acceleration (LWFA) exploits the excitation of quasi-electrostatic plasma waves during the propagation of an intense laser pulse through an underdense plasma. [1] [2] [3] [4] [5] [6] [7] The intense accelerating fields that can be achieved (≈ 10s of GV/m, compared to 10 -100 MV/m in solid-state conventional accelerators) are at the core of important practical applications such as generation of secondary x-ray and gamma-ray radiation [8] [9] [10] [11] and are indeed encouraging towards the construction of ultracompact high-energy particle accelerators.
Efficient guiding of the laser is necessary in order to ensure acceleration over distances exceeding the laser's Rayleigh range and mm-to cm-scale acceleration is now routinely achieved by using two main classes of gas targets: gas-jets and gas-cells. Gas-jets were first to be developed and operate via up-shooting a supersonic flow of gas from a nozzle. This gas delivery system presents significant limitations in providing a stable gas target: it presents sharp pressure gradients at the gas-vacuum interface, and it excites internal shocks that induce local a) Electronic mail: g.sarri@qub.ac.uk non-uniformities in the gas density.
2 These limitations are overcome by gas-cell targets, which instead are prefilled with gas before the interaction with the laser.
3,4
However, experimental and theoretical work has demonstrated that LWFA is affected by significant shotto-shot fluctuations 3, 4 in the electron beam pointing and a series of reasons have been identified. These might include: spatial non-uniformity of the laser intensity profile and phase front, mechanical vibrations of the optical components, non-uniformities in the gas density profile, and strong non-linearities in the laser-plasma coupling. These fluctuation might prove detrimental for transport of the beam or for injection in further acceleration stages.
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In this paper we report on a detailed study of the main parameters affecting the stability of LWFA electron beams. Confirming other works reported in the literature, we experimentally show that a gas-cell target provides a much smaller shot-to-shot fluctuation in the electron beam pointing if compared to gas-jet targets with equal electron density. Moreover, the pointing stability appears to be virtually independent from the plasma density used, in a regime whereby efficient electron injection is still occurring, suggesting that laser-plasma coupling can be neglected when considering this problem. A consistent offset between the electron beam and laser propagation axis is also measured, and it is found to be directly related to a phase front tilt in the laser beam. In agreement with recent experimental work, 3 , we find the laser front tilt directly correlated to a residual angular dispersion introduced by a non perfect alignment of the compressor gratings in the laser chain. Fine tuning of the latter is able to eliminate this offset, proposing this effect as an accurate diagnostic tool for the compression system of ultra-short lasers. Finally we show that, by careful control of all these parameters, it is possible to generated electron beams with sub-mrad pointing fluctuation and virtually exactly parallel to the laser propagation axis.
The structure of the paper is as follows: in Section 2 a description of the experimental setup will be given whereas the main experimental results will be presented in Sections 3 and 4. Finally, a conclusive paragraph will be given in Section 5.
II. EXPERIMENTAL SETUP

FIG. 1: Sketch of the experimental setup
The experiment was carried out using the AstraGemini Laser at the Rutherford Appleton Laboratory 13 , which delivered a laser beam with a central wavelength of 0.8µm and a pulse duration of 42 ± 4 fs. This beam was focussed using a f/20 off axis parabola down to a focal spot with a full width at half maximum of ∼ (27 ± 3) µ containing 50% of the initial laser energy (14 J, peak intensity of ∼ 2×10
19 W/cm 2 ). The laser was linearly polarised in a horizontal direction, i.e. perpendicularly to the main axis of gas outflow from the gas-jet. Figure  1 shows the setup used during the experiment.
The gas target was provided by either a gas-cell or a gas-jet and in both cases He with a 1% doping of N 2 was used, in order to operate in an ionisation injection scheme 2,14 15mm-long gas-cell were filled with a gas pressure ranging from 200 to 1000 mbar whereas the gas-jet operated at a backing pressure between 45 and 55 bar. Optical interferometry of the resulting laser-generated plasma indicated an electron density of 1 -5
for the gas-cell and 2 ×10 18 cm −3 for the gas-jet. The main diagnostics used for the experiment were a particle magnetic spectrometer and an on-axis profile imager.
Typical electron spectra obtained during the experiment, for different electron densities.
The first consisted of a 0.8 T, 10cm long pair of magnets and an off-axis LANEX screen 15 . The spectrometer could resolve electron energies between 120 MeV and 1.2 GeV. The spectrometer was cross-calibrated using absolutely calibrated Imaging Plates 16 . The profile imager consisted of a LANEX screen placed on the laser propagation axis (distances detailed in Fig. 1 ). This scintillator was placed 2m away from the exit of the gas target and was imaged by a CCD camera with a 10x magnification, implying a sub-mrad resolution of the electron beam pointing. Fig. 2 shows the typical electron spectra obtained during the experiment for different gas densities. All spectra present a broad spectrum, extending up to 600 -700 MeV with a typical charge of the order of hundreds of pC. Stable electron acceleration is achieved in a density window of 1 to 2.5 ×10
18 cm −3 with the latter presenting a much lower maximum energy compared to the others. Even higher pressure failed to produce stable electron beams, a clear indication of significant dephasing of the laser pulse through the gas 2 .
III. EXPERIMENTAL RESULTS: GAS-CELL VS.
GAS-JETS
Figs. 3 and 4 show the measured pointing of the electron beam for different plasma densities, in respect to the laser propagation axis, in the directions both perpendicular (Fig. 3) and parallel (Fig. 4) to the laser polarisation axis. Gas-cell targets are seen to provide a reasonably small shot-to-shot fluctuation in pointing, which is always smaller than 1 mrad for each gas density in which LWFA was efficiently triggered. Only at a density of 2.6×10
18 cm −3 , larger fluctuation are observed, but this relatively large gas density proved to be highly unstable in generating electrons. It must be noted that a slight difference is detected for the axis parallel and perpendicular to the laser polarisation axis (0.8 mrad in the parallel case, compared to an average of 0.3 mrad in the opposite axis) but the difference is too small to provide a statistically significant set of data.
It is worth noticing though that the average angular deviation from the laser propagation axis is zero only for the axis parallel to the laser polarisation but of the order of 1 mrad along the opposite axis. We attribute this deviation to a residual pulse front tilt in the laser beam, and a more detailed characterisation of this phenomenon will be given in the next Section. It is interesting to notice that the pointing fluctuation and deviation from the laser propagation axis appear to be virtually uncorrelated with the plasma density, suggesting that in a density window in which LWFA is efficiently triggered the laser-plasma coupling does not play a significant role in the electron beam pointing.
Gas-jet targets present instead a much larger shot-toshot fluctuation in pointing (10 mrad and 6 mrad in the parallel and perpendicular axis, respectively). This can be easily understood if we consider that a gas-jet would present a much less uniform plasma density profile and that non-uniformities would be randomly distributed at each shot, in agreement with what observed in Ref. 4 . It is also interesting to notice that the average deviation from the laser polarisation axis appears to be, in this case, significantly different on the two main axis: whilst it is practically comparable to the gas-cell case perpendicularly to the laser propagation axis (≈ 1.7 mrad), it is much larger along the other axis (≈ 13 mrad). We can explain this by considering that a gas-jet would present a round gas distribution with a very sharp density gradient along the laser propagation axis; when the laser encounters such a sharp gradient, it would tend to prop-
FIG. 3:
Pointing of the laser-driven electron beam along the axis perpendicular to the laser propagation axis) for different plasma densities. Light blue (dark blue) circles represent single-shot measurements with a gas-jet (gas-cell) target. Triangles and lines represent average and standard deviation, respectively, for each plasma density.
agate through regions that locally have a lower refractive index (and, therefore, a lower plasma density) with the possibility of it being steered from the original axis of propagation. This would of course occur only along the axis perpendicular to the gas outflow and, therefore, parallel to the laser propagation axis. On the other hand, a gas-cell would present a flatter density distribution with a much shallower density gradient along the laser propagation axis. This facilitates laser guiding and avoids beam steering.
IV. EXPERIMENTAL RESULTS: PULSE FRONT TILT EFFECTS
The effect of pulse front tilt on the direction of the LWFA electron beams was first experimentally detected by Popp et al. 3 and, in order to fully appreciate the results reported here, we will discuss again some of the key theoretical elements.
In a chirped pulse amplified laser beam 17 , a slight deviation from a perfect parallelism between the compressor diffraction gratings will induce an angular chirp, which will result into a laser intensity profile that is tilted with respect to the laser-propagation direction. 3, 18, 19 Following the notation of Popp et al., if we call the relative angle between the two gratings, s the groove spacing, β the diffraction angle of single grating, and α the laser angle of incidence onto the grating, the angular chirp can be estimated as: dφ/dλ = 2 tan β/(s cos α). The tilt between the laser propagation axis and its phase front will then have shown that a non-zero pulse front tilt will induce a net deviation of the electron beam axis from the laser propagation axis, in an almost linear fashion.
This suggests that the non-zero deviation from the laser and the electron propagation axis that we observe with the gas-cell, in a direction perpendicular to the laser polarisation axis, might be due to a slight misalignment in the compressor gratings. Indeed, by rotating one of the two compressor gratings by 108 µrad, this deviation is seen to go down to zero. This is shown in Fig. ? ?. It must be said that such rotation of the grating will induce a slight temporal stretching of the laser beam of approximately 7.5 fs and that this was corrected using a DAZZLER system.
In the case of our experiment, s = 750 nm, β = 30
• , and α = 30
• and, by taking = 108µrad, we can estimate the angular chirp to be dφ/dλ ≈ 0.17µrad/nm, implying a pulse front tilt of ψ ≈ 1.5 × 10 −4 rad. Such a pulse front tilt induces in our experiment a deviation of the electron beam axis from the laser propagation axis of approximately 1 mrad, which is in line with the results reported by Popp et al. 3 . This is an interesting result, since it seems to suggest that this effect is quite consistent even to very small angles. As expected, a pulse front tilt has an effect only perpendicularly to the laser polarisation axis and has no effect on the other axis. It is interesting to note that this effect artificially amplifies the angular misalignment of the compressor by approximately one order of magnitude: a 108 µrad misalignment induces approximately a 1 mrad deviation of beam pointing. This suggests that a careful characterisation of the electron beam pointing can represent an efficient diagnostic tool for fine optimisation of the laser compressor, a necessary pre-requisite for ultra-high intensity, ultrashort laser pulses.
V. CONCLUSIONS
A study of the pointing stability of laser-wakefield accelerated electron beams has been carried out in order to isolate the main parameters that might affect it. A gas-cell target is seen to provide much more stable electron beams if compared to a gas-jet, clear indication that density non-uniformities in the gas density profile significantly affect the electron beam pointing. However, pointing stability is not seen to change across the plasma densities in which laser-wakefield can be triggered, possibly suggesting that laser-plasma coupling is not significantly influencing the electron beam pointing. Moreover, the non-zero average deviation of the electron beam axis with respect to the laser propagation axis has been found to be extremely sensitive to the degree of parallelism between the compressor gratings of the laser. This high degree of sensitivity promotes measurements of the electron beam pointing as an efficient diagnostic tool for the optimisation of laser compressors in ultra-short laser systems.
